Spotted wing drosophila, Drosophila suzukii (Matsumura) (Diptera: Drosophilidae), was monitored from 2010 to 2014 in 314-828 sites located in interior fruit-growing regions of OR and WA, United States, and BC, Canada, using traps baited with apple cider vinegar or sugar-water-yeast. Seasonal population dynamics and sex ratios were summarized for berry, cherry, stone fruit, grape, non-crop host plants, non-host sites, and for conventional IPM, certified organic, backyard, and feral sites, by region and year. Overwintering was detected in all regions and years, despite winter temperatures below −17°C. A spatial analysis was conducted using a Geographic Information System (GIS), daily weather data, geomorphometric measures of terrain, distance to water, and other variables, at each site. Overwintering success at a site, measured as Julian week of first capture of D. suzukii, was significantly related (R 2 = 0.49) in cherry habitats to year, agronomic treatment, and number of winter days with temperatures >−5°C. In berry, cherry, stone fruit and grape habitats, 2011-2014, it was significantly related (R 2 = 0.42) to year, agronomic treatment, the logarithm of peak population of D. suzukii in the prior autumn, latitude, elevation, and topographic wetness index. The results show that D. suzukii has adapted to exploit a succession of irrigated crops and feral habitats in mixed landscapes of a semi-arid region with cold winters and hot dry summers, and are shaping strategies for pest management and for biological control.
as in California (Harris et al. 2014 , or moderate summer and winter climates in Italy (Wiman et al. 2014 , Ioriatti et al. 2015 , Mazzetto et al. 2015 and coastal regions of British Columbia (BC), Oregon (OR), and Washington (WA) (Dalton et al. 2011 , Wiman et al. 2014 , Tochen et al. 2016 ). Much of our study area also differs from other regions by the landscape, i.e., semi-arid sagebrush steppe, sharing distinct ecosystems surrounding areas of irrigated crop production, including ponderosa pine, bunchgrass, and sagebrush ecosystems (Lyons and Merilees 1996) .
When D. suzukii was detected in North America, it was suggested that cold winter and hot dry summer regions may not be suitable for it, according to temperature tolerance studies of an Asian population (Kimura 2004 ), a coastal OR population (Dalton et al. 2011) , and from at least one niche model . Consequently, the interior fruit-growing districts of OR and WA (east of the Cascade Mountains) and Canadian regions to the north were predicted to be unsuitable habitat for D. suzukii (Beers et al. 2011 . Previous Japanese studies suggested that populations of D. suzukii migrate seasonally and decline sharply in cold winter periods and regions, but that some overwintering flies may survive in sheltered locations (Beppu 2000 (Beppu , 2006 Mitsui et al. 2010 ). It was also thought possible that D. suzukii may annually infest areas along trade routes, or via wind, or be introduced via grocery stores, packing houses, or fruit dumps (Cini et al. 2012) . Recent reviews noted that it remains unclear if and how D. suzukii overwinters in colder regions of North America or migrates seasonally from regions with benign climates . It has been suggested that such invasions may recur on a global basis and that it is still unknown if recurrent invasions are occurring (Adrion et al. 2014) .
Locally within the Pacific Northwest, significant genetic differences were detected between populations from the dry interior fruit-growing region and from milder coastal habitats. Populations of D. suzukii from eastern Washington had much reduced genetic variation, as measured using microsatellite markers at six loci, than a coastal California population. Bahder et al. (2015) provide strong genetic evidence that D. suzukii of eastern Washington are from an established population that has undergone a significant genetic bottleneck, as opposed to one subject to annual reintroduction events. Consequently, results from our region may differ substantially from those of other regions, owing to well-defined climatic, terrain, habitat, or landscape differences.
The present study describes for the first time the seasonal dynamics of D. suzukii in various habitats of a key fruit-and grape-growing area with a distinct climate and landscape, and contributes to key research areas ) of biology at low temperatures, reproductive diapause, host plant effects and non-crop flora. The study had two objectives: to summarize seasonal population dynamics as determined from trap captures in a wide variety of situations in a semi-arid cold-winter region of irrigated agricultural crops, and to employ a spatially explicit analysis to relate climate, landscape, and agronomic features to overwintering survival.
Materials and Methods
Survey Area and Trap Locations D. suzukii was first detected in pilot traps in the mid-Columbia region of OR, United States, and near Kelowna, BC, Canada, in the autumn of 2009 (Thistlewood et al. 2012) . From March to May of 2010 and ending in September to December of 2014, traps were deployed in BC, WA, and OR and the contents collected at near weekly intervals (Supplementary Material and Supplementary Table S1 ). D. suzukii was detected in many different host plants or situations (Table 1) at 314-828 locations per year across 137,500 km 2 of the Okanagan and Columbia basins ( Fig. 1 and Supplementary Table S2 ). Study sites were initially chosen to examine seasonal trends in population dynamics, and to help predict risk to agricultural producers. Susceptible commercial crops were a priority in trap placement, together with sites of biological relevance (Table 1 and Supplementary Table S2 ) from the limited literature available. Sweet cherry, Prunus avium (L.) L., was the main crop monitored in all regions, in addition to likely host plants and sites of agricultural trading or tourism. Vineyards and berries were a priority in southern WA and OR, but monitored in all regions. After 2010, trap placement was reduced following experience, or increased as resources were made available (described in Supplementary Material and Supplementary Tables S1 and S2). Representative traps were retained at specific sites for the 5-yr study, and in some years large numbers of traps were deployed in BC and OR to find sites of overwintered flies.
Adult Trapping
We employed two attractants, commercially purchased apple cider vinegar (ACV) in all regions, or a yeast-sugar-water attractant in parts of WA only, within five trap bodies (Supplementary Materials and Supplementary Table S3 ), hung at a height of 1.5 m in all sites. Trap contents were removed in the field regularly, fresh attractants were added or the trap replaced, the contents examined under a binocular microscope for adult Drosophila spp., and any D. suzukii were separated and counted by sex. Details of trap bodies and attractants, total flies captured, and numbers of sites, trapdays per record, and observations by region and year, are given in Supplementary Materials (Supplementary Tables S1-S3 ).
Data Verification and Population Summaries
The trap location in each host plant or site was recorded annually using hand-held Global Positioning System (GPS) receivers (Garmin International Inc., Olathe, KS; Trimble Canada, North Vancouver, BC), then mapped and verified by inspection using Google Earth (Google Inc.). Prior to analysis, all locations and weekly records were again checked and verified spatially using Google Earth Pro (Google Inc.) and a Geographic Information System (GIS) described below. From 77,671 weekly trap counts, we discarded records from sites with multiple replicates, in close proximity unless in a different crop or habitat, trapped for only a few weeks, or if criteria below were not met.
To summarize population dynamics, trap capture was standardized by site and days per observation to mean catch of flies per trap day (ftd) for all sites, by Julian week, year, and region, and amongst groups as described below. Residence time was calculated to compare habitat use across groups of sites, being the number of weeks when D. suzukii adults were present during the 5-yr study. For apparent sex ratio, owing to low numbers of fly captures before week 25, we summed the males or females in all sites by Julian week, year, and region.
Results are given as sample mean and standard error, x ± SE. Analyses were conducted using SAS/STAT v9.1 of SAS System for Windows, or JMP v12.2 (SAS Institute Inc., Cary, NC).
Climate at Trap Locations
The study area lies in a rain shadow to the east of coastal mountains and characterized by continental airstreams of dry air year-round, with hot and dry summers, especially at lower elevations and in southern WA and parts of OR. Convectional rain often produces thunderstorms in summer, and winters are relatively cold and dry, as seen in representative climate data (Table 2) . We assembled climate data at each trap site from a myriad of weather station networks but intermittent reporting and other difficulties (McMahan 2011) required a standardized National Oceanic & Atmospheric Administration (NOAA)/Daymet dataset (Thornton et al. 2014) . Daymet data are interpolated by NOAA over a 1 km × 1 km gridded surface for the conterminous United States and southern Canada, using a digital elevation model (DEM) and compiled ground observation data from official sources (Thornton et al. 2014) . Daily data were accessed for each trap location, from 1 November 2009 onwards.
Spatial Description Using a GIS
Records by site of host plant or physical structure, habitat, agronomic treatment, trap attractant and body, location, trap deployment and collection dates, and fly captures, were entered in a GIS (ARC GIS 10.1, ESRI Canada, Toronto, ON), and matched to a National Elevation Dataset DEM from the US Geological Survey at resolutions of one arc-second (30 m) to 1/9 arc-second (3 m). Information layers were added for many measures of land cover, land use, hydrography, transportation, soils, parks, and ecoregions, as described in Supplementary Material. To examine modifying effects of the highly variable terrain in our region upon micro-climates Antonić 2009, Gruber and Peckham 2009) and associated insect captures, we calculated 15 geomorphology layers at each site using ARC GIS functions and the System for Automated Geoscientific Analyses (SAGA) (Cimmery 2007 -2010 , Conrad et al. 2015 . Values added to the GIS for each trap location are given in Supplementary Table S4 .
Trap Locations Grouped by Habitat or Agronomic Treatment
In 2010 and 2011, little was known concerning the biology and hosts of D. suzukii, and a wide variety of sites were monitored, with changes in number of some types of sites subsequently Supplementary Tables S1 and S2 ). For insight into effects of trap site or surrounding habitat on insect counts, we grouped sites that were trapped consistently for one or more complete seasons into six main types by host plant or feature (Table 1 , Supplementary Table S2 ). The Cherry (n = 863) sites were in trees in cultivated orchards, abandoned orchards, wild or roadside sites, or on a fence between such orchards. In some OR sites, the trees were also near feral Himalayan blackberry (see Berry) bushes. Stone Fruit (n = 204) sites were placed in trees, Berry (n = 197) sites were located in bushes as described (Table 1) except blueberry was not monitored in BC. Grape (n = 92) sites were in vineyards, but only in OR from 2010 to 2012. Non-Crop Host (n = 21) sites were in known host plants, but not monitored in WA in 2010, or in OR from 2012 onwards. Prior to analysis, a better understanding of North American (Lee et al. 2015a,b) and regional (H.M.A.T., unpublished) hosts of D. suzukii resulted in reallocation of a few hosts. Non-Host (n = 75) sites were in plants not recorded as hosts of D. suzukii in our region during the study period, and were not monitored in WA in 2014. Structures & Gardens (n = 83) sites were within or adjacent to sites described (Table 1) , but not monitored in OR in 2011 and 2014, or WA after 2011, and are discussed rarely. For insight into differences between agronomic practices at feral sites, uncultivated sites, or cultivated sites, all were classified annually into five groups (Table 1 and Supplementary Table S2 ). The numbers varied annually, but the majority were in commercial crops receiving Conventional integrated pest management as a pesticide treatment (n = 1,057 sites; 200-585 per year). Roughly one quarter of all sites were certified Organic (n = 222 sites; 47-117 per year) in commercial crops, or were Feral (n = 149 sites; 54-88 per year), i.e., untreated plants in a setting not associated with people, including abandoned sites, roadsides, or were wild seedlings. Backyard (n = 39 sites; 9-22 per year) sites were untreated, or received minimal pesticides, in home gardens, public parks or ornamental gardens, at compost heaps or untreated cull piles of commercial growers, or at sanitary landfills or 'dumps'. Structures (n = 58 sites; 3-54 per year) sites were within a building, grocery store, packing-house or fruit stand, in a parking lot or tourism stop, and from 2011 onwards were collected in BC only. Amounts of pesticide use varied annually and regionally, but Conventional sites received the most insecticide and fungicide treatments, certified Organic sites received a limited range of insecticides and fungicides, Backyard sites received very little or no pesticides of any kind, and Feral sites were untreated.
Statistical Modeling of Insect Captures Following Winter
Insect counts were obtained weekly ( Supplementary Table 1 ), so we examined the Julian week when D. suzukii was first detected in a site. We hypothesized that: small numbers of overwintered flies survive in relatively protected sites to populate each region annually; early trap capture (first week detected) results from an overwintered population at or near a site; and the likelihood of an overwintering site is a function of local climate (DAYMET data) as modified by unknown conditions. The latter include as predictor variables the host plant or habitat type, agronomic treatment, topography and geomorphological features, and other influences, from the GIS as described earlier. For each calendar year, we defined the winter season as 1 November of the prior year to 31 March of the current year and the spring season as 1 April to 30 June. To measure the degree of coldness or warmth of those seasons, we created 10 indices from DAYMET data for the numbers of days in winter and spring at various temperature thresholds from <−10°C to >25°C ( Supplementary Table 6 ).
Two consecutive analyses were conducted with R v.3.3 (R Development Core Team 2017) using stepwise linear model selection by Akaike's AIC statistic as implemented in the R function step. Significance of terms was tested using F-tests and models were simplified iteratively by removing nonsignificant (P = 0.05 level) factors and interactions. We first examined Cherry sites, which had the best spatial and temporal representation in all regions, by regression analysis using 1,505 site-years of results from Cherry habitats, 2010-2014. We conducted a preliminary analysis of predictor variables using an extensive array of variables (Supplementary Material). After the preliminary analysis and discarding of non-significant measures, a smaller range of 33 predictor variables were tested (Supplementary Material). In a second analysis, we examined results from four major habitats of Berry, Cherry, Stone Fruit, and Grapes, comprising 1,135 site-years of observations during 2011-2014. This permitted addition of a between-season comparison of the prior population load (= peak number of D. suzukii ftd in autumn the year before) to the timing of first appearance in a year. The autumn population load of D. suzukii was highly skewed in distribution and subjected to a logarithmic transformation prior to analysis.
Results and Discussion
Late in 2009, D. suzukii flies were first detected in the interior OR and BC regions of our study area, but no detection occurred in harvested fruit (Thistlewood et al. 2012) . In 2010, traps were checked from weeks 18 (OR), 12 (WA), or 21 (BC), and any earlier fly activity was missed. Adult D. suzukii were detected throughout the study area by mid-summer of 2010, and thereafter ( Figs. 1-3 ). From 2011, trapping began earlier in all years and regions, but trap effort varied in the winter (weeks 0 to 10 or 20) depending on resources available (Supplementary Tables 1 and 2). The final dataset resulted in 61,657 trap counts from 1,515 sites, comprising 1,824,547 adult D. suzukii, with annual totals between 59,101 flies in 2011 to 926,317 in 2013. Other Drosophila spp. were captured but are not discussed in the present study. In Washington State, assisted by molecular methods, Bahder et al. (2016) found that D. suzukii represented 8.7 to 38% of all drosophilids captured in traps when using ACV and yeast attractants from 2011 to 2013. The trap bodies and attractants, numbers of observations, and flies captured by each trap body, are reported in the Supplementary Material and Supplementary Table S3 . Most results (95.6% of observations and 97.3% of captured D. suzukii) were obtained with ACV attractants. The 4.4% of observations using yeast attractants captured 2.7% of flies; all in WA, mostly in grapes or nearby blueberry crops in the south of the state. Near 10-to 20-fold differences in populations of D. suzukii were recorded between 2010 and 2014 ( Figs. 2 and 3) , which influenced results much more by the year and other factors than by differences amongst traps. The latter were nonsignificant in preliminary analyses, so results for all attractants and bodies were combined and not separated further. The ACV and yeast attractants, and variants of the trap bodies deployed, were used in many recent studies of D. suzukii, and their relative strengths or weaknesses reviewed by Haye et al. (2016) and others (Supplementary Material).
Apparent Sex Ratio
From 856,513 male and 968,034 female adult D. suzukii, we calculated the apparent sex ratio (%female adults) in all traps by region and year (Fig. 4) . The ratio cycled annually and was predominantly female-biased from the beginning of the year until weeks 25-35, depending upon region. However, early-season catches of males (only) or male-biased sex ratios occurred a few times in weeks 0-35 in all regions, and occasionally late in the year in OR (Fig. 4) . After circa week 35, the ratio changed steeply and was male-biased with a peak in ca. weeks 35-45, when a decline towards female-biased captures was observed in most regions and years (Fig. 4) . The overall sex ratio during the study was 53.1% female but differed across habitat groups ( Supplementary Table S2 ), from 49.5% female in a preferred habitat (Berry) to 66.6% female in Grape, a less-preferred crop (monitored using more yeast attractants than in other sites). Sites treated minimally or untreated with pesticides captured fewer females (Backyard 44.3%, Feral 47.4%, Structure 46.1%, of adults respectively) whereas Conventional (54%) and Organic (54.7%) sites showed a bias towards females ( Supplementary Table S2 ).
Sex ratio may truly vary in nature seasonally, or trap captures may be an artifact of trap attractants or competitiveness thereof, or of other factors. Thus, male D. suzukii are more susceptible than females to insecticides (Beers et al. 2011 , used primarily in Conventional and Organic sites. Few reports exist for D. suzukii on a seasonal basis with ACV or yeast attractants, but some are similar: sex ratio varied with month of the year , was female-biased in the first 26 wk annually (Arnó et al. 2016) , or female-biased in winter and male-biased in summer (Zerulla et al. 2015 , Rossi-Stacconi et al. 2016 . Others differ from the present study: in 2 yr of monitoring a mosaic of fruit crops, Mazzetto et al. (2015) reported a sex ratio consistently near 50% female, except for fewer females (42.9%) in berry crops, as found in the present study. Similarly, the sex ratio was generally 50% female in California citrus, but in nearby sweet cherry was highly female-biased, at 73-86.7% of adults ).
Annual Pattern of Adult Captures and Influences of Habitat or Agronomic Treatment
Comparing all years, D. suzukii populations were relatively high in 2010, decreased in 2011, and then increased in all regions by 10to 20-fold during 2012-2014 ( Figs. 2 and 3) . Such increases over time were reported in its recent invasion of northern Italy (Mazzetto et al., 2015 , Arnó et al., 2016 .
We observed an annual pattern that was modified by latitude and local climate (Table 2) ; the major variations in annual captures are described in the Supplementary Material. To summarize, in most years, during the first part of winter (Julian weeks 0 to 10), we captured some flies in OR, very few flies in WA, and on one occasion only in BC (Figs. 1-3 ). In the coldest region (Kelowna, BC Table 2 ), or during cold winter and spring seasons in warmer regions, there was insufficient adult activity for detection in traps, i.e., from weeks 0 to 20 in BC in most years, in WA 2010 , and in OR 2010 -2011 2 and 3) . After week 20, steady and marked increases in number of infested sites and of within-site fly populations occurred to ca. week 40, or until the onset of winter (Figs. 2 and 3) . Very high counts of D. suzukii occurred from October to December annually, as noted by Harris et al. (2014) in California. Such 'autumn flushes' of sudden and large increases in numbers of adult drosophilids were first reported from deciduous woods in Scotland (Basden 1953) . In relatively mild districts or winters, a slow decline of adults occurred from ca. week 40 until zero catch in weeks 10-16 of the following year (WA in 2013 . In all regions, D. suzukii populations declined quickly after a significant cold weather event, below −5°C. Prior to such an event, or otherwise to the end of the year (week 52), adult flight activity occurred on days >5°C in all regions, and in OR year-round. Field observations of adult activity in winter can be contradictory even from warm areas with air temperatures rarely <0°C: adults were active in winter in northern Spain (Arnó et al. 2016 ), but in northern Italy were reportedly inactive (Mazzetto et al. 2015) or active even when mean daily minima were <0°C (Rossi-Stacconi et al. 2016) . We infer that, in winter months, trap capture is a combined measure of variable survival and/or frequency of temperatures suitable for flight. In years with a mild winter, flies were found in many sites shortly after the summer build-up began (Figs. 2 and 3) , and subsequently reached population densities higher than in other years, seen in all regions in 2013 ( Figs. 2 and 3 ).
Considering differences among habitats, populations of D. suzukii reached high densities most often in Cherry, followed in decreasing order by Stone Fruit, Non-crop host plants, Nonhost plants, Berry, Structures & Gardens, and Grape (Fig. 2) . The relative differences among habitat groups were broadly similar in each region across years, as reflected in Grand means (±SE) of male and female D. suzukii per trap day ( Supplementary Table S2 ). The observed sequence of arrival of D. suzukii in the crops corresponded to their ripening and harvest periods in the study area. An initial hypothesis of annual reinfestation via trade routes was dismissed in 2010, when very few flies were found in such sites and only after field infestation. After 2010, we trapped only 3-5 retail or warehouse sites annually, with the same result.
Flies were present in Non-crop host sites for many weeks, in high populations (Fig. 2) , and in some years, appeared earliest in Non-crop host sites, suggesting that they are refugia for overwintered adults. Fly populations also built up in a succession of Noncrop hosts after passing through fruit crops (Fig. 2) . In Structures & Gardens, we noted that private gardens with high counts late in the year were often diverse habitats with many plant hosts. Most landscape level research on D. suzukii, including the present study, has been conducted using a biased distribution of traps but similar patterns across habitats, and seasonal changes, were reported from smaller studies using ACV baited traps in western North America (Harris et al. 2014 ). However, definitive data are lacking on their importance in relation to neighboring cultivated plantings (Klick et al. 2016) , and have been only rarely collected in semi-arid environments or from cold winter regions (Pelton et al. 2016) . In resource-restricted environments, where crop hosts are not available year-round, noncrop hosts or adjacent crops may play important roles as refugia, for seasonal biology, and in persistence or invasion success.
With regard to agronomic Treatment groups, trap captures were similar across regions and years, and ranked in decreasing order of population densities as Conventional, Feral, Backyard, and Organic (Fig. 3) , as reflected in the Grand mean adult catch ftd ( Supplementary Table S2 ). D. suzukii often appeared relatively early in Feral and Backyard sites (Fig. 3) , and both had population levels equivalent to or exceeding those in Conventional sites, except in 2014 (Fig. 3) . Conventional sites experienced very high trap counts in one or more years, typically by weeks 40-50 after cessation of harvest, but flight activity in winter was much less than in other agronomic categories (Fig. 3) . Organic sites also showed much reduced captures in winter compared with Backyard and Feral groups, except for WA in 2013 to winter of 2014 (Fig. 3) . In practice, Berry and Cherry crops were extensively treated with insecticides for D. suzukii for a short period until harvest (Beers et al. 2011) , but large numbers of D. suzukii were tolerated postharvest in commercial sweet cherry and other susceptible plant hosts, and at times pre-harvest in the Grape habitat.
The repeated observation of periods of low to zero adult catch in landscape-level studies is of critical importance to understanding population survival, as a genetic bottleneck, and for exploitation in pest management. Seasonal periods of very low or zero catch were found in the present study and in other regions where D. suzukii overwinter as adults; in California , Harris et al. 2014 ) and in northern Italy (Mazzetto et al. 2015 , Zerulla et al. 2015 . After a few specimens were caught in early spring, adults were no longer found in our study area until week 20 (mid-May), or until June (Mazzetto et al. 2015) , or from mid-April to late July (Zerulla et al. 2015) . It has been suggested that this absence may arise from a great reduction in populations during overwintering leading to densities below the trap threshold, or that traps may lose attractiveness, or that D. suzukii may be active in other habitats or situations. If, as appears the case, the populations are at their lowest level at that time, vegetative management, or the targeted use of insecticides, sterile insect release, or augmentative release of natural enemies, requires the least effort. However, the optimal timing of control treatments differs across growing regions. In California, D. suzukii populations peaked in spring (early May) and declined as harvest approached in June (Harris et al. 2014 , whereas populations in the present study were non-existent or low in the early part of the season and peak populations occurred from mid-August to November, after most crops were harvested.
Overwintering and Climate
As each growing season began, low numbers of D. suzukii were captured in some sites across the study area before other, relatively nearby, sites (Fig. 1) . The first detection of D. suzukii in 2,859 site-years of results occurred on 18 occasions in January-April (by region, OR = 14, WA = 3, BC = 1), 466 occasions in May and June (OR = 100, WA = 195, BC =171), 1,358 occasions in July and August, and 1,017 occasions in September-December, with a spatial distribution as shown (Fig. 1) . Early sites were detected in all years in complex terrain (steeply sloped valleys to >2,000m, with agriculture on benchlands) of BC and OR; in most years in relatively flat terrain of southern WA, and in some years in the intermediate sloped valleys of central and northern WA. After detection in the earliest sites (Fig. 1) , detection continued at low levels in increasing numbers of sites, followed by population increases in all sites, and subsequent local spread to new sites, followed by population build-up therein (Figs. 2 and  3 ; H.M.A.T., unpublished results). This did not fit suggested patterns of reinfestation via fruit imports or recurrent invasions via passive long-distance dispersal by wind from southern situations (Cini et al. 2012 , Stephens et al. 2015 .
Coupled with the patterns of captures before and after winter ( Figs. 2 and 3) , these are the first evidence of overwintering of D. suzukii under cold winter conditions, with as many as 44 d of <−5°C and 19 d with <−10°C ( Table 2 ). The study area experienced greater extremes in summer and winter temperatures than any other reported to date, yet the activity pattern resembles that of D. suzukii in many other areas: a carry-over of populations by some form of overwintering, a short period between winter disappearance and spring reappearance in warm regions or years, and a long period in cold regions or years. Earlier field studies reported periods of winter drop-off to low or zero trap capture of other Drosophila spp. (Pipkin 1952 , Basden 1954 , and of D. suzukii in Japan (Beppu 2006) . In some, D. suzukii was described as a seasonal migrant that reinfested areas, and in others as undergoing in the local area a reproductive arrest, followed by immediate reproduction when subjected to warmer temperatures. Reproductive arrest was described recently in laboratory studies of D. suzukii (Toxopeus et al. 2016, Wallingford and Loeb 2016) .
Our results demonstrate sufficient survival of overwintered adults for high population levels to build up pre-harvest in 4 of 5 yr (exception 2011, Figs. 2 and 3) in three regions, each experiencing winters with daily maxima below the flight threshold and daily minima of −17.8°C or below ( Table 2 ). The status of overwintering in cold winter regions was previously unclear. D. suzukii was reported as relatively cold intolerant when compared with other Drosophilids by Kimura (2004) , who recorded mean lethal temperatures (LT 50 ) of −0.3°C to −0.1°C for males, and −1.6°C to −1.2°C for females, in strains from warm and cold regions of Japan.
Overwintering under the conditions of our study area was also not anticipated from laboratory studies on cold tolerance, by niche distribution modeling, or by extrapolation from field or laboratory studies elsewhere (Dalton et al. 2011 , Jakobs et al. 2015 , Stephens et al. 2015 , Langille et al. 2016 , Toxopeus et al. 2016 ). However, it was apparent early in the present study that a 'winter morph' of D. suzukii was present (Shearer et al. 2016) , with biological features that are only now being described (Stephens et al. 2015 , Shearer et al. 2016 , Wallingford and Loeb 2016 . Consequently, we retained sites that were important for comparison of overwintering populations. Additional physical evidence came from an overwintered adult male (winter morph) collected in BC in week 23 (2014) from ground emergence cages, in the week when the first flies were captured in traps in nearby trees (H.M.A.T., unpublished results). Zerulla et al. (2015) also found winter morphs of D. suzukii in a warm winter region of northern Italy.
Statistical Modeling of Measured Factors on Overwintering
By 2012, field results in BC suggested that some early sites (periods 1 and 2 in Fig. 1 ) had common characteristics. Using the GIS, six clusters were identified with three or more early sites within 1 km of each other (H.M.A.T., unpublished results). Building an explanatory linear regression model was challenging because of many possible explanatory variables: sites were chosen for ecological or crop monitoring reasons and not by a balanced experimental design across regions, years, crops, nor agronomic factors. Locations were spread over a large area or clustered together and associated geomorphometric factors were static, but meteorological and population variables varied greatly by year.
Extensive preliminary analyses of 1,505 site-years of data from Cherry habitat showed no significant contribution of any landscape or terrain variable to a regression model of first catch date of D. suzukii. In practice, much variability was due to uncontrolled, random, or confounded factors. Nonetheless, three factors (year, agronomic treatment, winter warmth) explained a significant portion (R 2 = 49%) of the variation in date (Tables 2 and 3) , and validated the general hypothesis. A second analysis used results from four major habitats of Berry, Cherry, Stone Fruit, and Grapes, in order to add between-season comparisons of the population load in the autumn of the previous year, for 1,135 site-years of data, 2011-2014. Using step-wise analysis, we reduced the set of predictor variables to 18 and to a regression model which was highly significant (R 2 = 43.7%) for the first week of trap captures. On further examination, many of the variables did not contribute (5% significance level) to the model. Subsequently, a smaller and highly significant model (R 2 = 42.2%; Tables 5 and 6) was fitted with five predictive factors (agronomic treatment, year, log population load, elevation, latitude, and topographic wetness index, TWI). The complexity of results is such that the exact proportion explained by each depends upon the order in which they are entered in the model, but in view of the large variance associated with insect populations, a predictive model explaining significant portions of variance is valuable in understanding key factors.
For both analyses, annual variability (year) is an expected main factor, well known from studies in horticulture and other integrative systems where variable environmental conditions affect an entire plant or cropping system and variously across seasons. These were also first observations of an invasive pest that varied many-fold in population densities across years and that may have undergone adaptation to novel habitats or climatic conditions. A general trend was of earlier appearance of flies throughout 2010-2014, in analyses of Cherry habitats and of four major habitats (Factor estimates, Tables  4 and 6 ). The exception is 2011, a very cool year with consequent late emergence; 2013 was the earliest in the study, at 7.5 wk earlier than in 2010 or 2011 (Tables 4 and 6) , as a result of the warmest winter (e.g., Days ≤−5°C in Table 2 ). The trend to earlier appearance continued into 2014 (Table 6 ) despite a relatively cold winter (Table 2) , and has continued in all three regions since 2014 (unpublished results).
The week of first catch did not differ significantly among four Habitat groups from 2011 to 2014, so Habitat is not a factor in the regression model (Table 5 ). This result is expected if D. suzukii overwinters in the wide variety of natural or cropping systems and sites in which it was detected. However, the timing of first catch differed significantly between sites by agronomic treatment in both analyses of Cherry and of multiple habitats (Tables 3-6 ). In Cherry habitats, using Backyard sites as the earliest and baseline value, no significant differences were found between Backyard and Feral (P = 0.38) or Structure sites (P = 0.88), but flies appeared significantly later (4.8 to 5.2 wk, Table 4 ) in Conventional (P = 0.01) and Organic sites (P = 0.01). In multiple habitats, 2011-2014, agronomic treatments were similarly related to a lag of 4.6 to 7.9 wk in first catch behind baseline Backyard sites (Table 6) . Some factor may have led to suppression of overwintered populations for relatively lengthy periods in Conventional and Organic sites; perhaps management practices of cultivation or pesticide treatment. Alternatively, overwintering success was relatively high within Backyard sites for unknown reasons.
One climatic factor was separated from annual variability in Cherry habitats: winter.warm2, when daily minimum temperature was >−5°C ( Supplementary Table S5 ; measured at 44 to 148 d per site-year (x = 116.2 ± 0.39). It was related significantly (P < 0.001) to first capture date, the latter moving earlier in the year with increasing warmth. The result is significant as a first statistical link between winter weather and a measure of overwintering success, and from a field study in cold winter regions. In warmer regions, with temperatures rarely <0°C, Zerulla et al. (2015) suggested that temperatures ≤5°C, with occasional periods of ≥10°C for very short periods, caused increased mortality in winter. Rossi-Stacconi et al. (2016) significantly correlated winter trap catch with mean winter minima in the range −4°C to +1°C, from 15 observations at 11 sites.
No other temperature thresholds or time periods were significant factors, and the unbalanced design of the dataset may have resulted in problems of scale. We regularly monitored sites with different habitats, pesticide treatments, and population levels in any week, within a unique cell of DAYMET climate data of 1 km × 1 km. Gutierrez et al. (2016) recently reviewed temperature relations, overwintering, and mathematical modeling of D. suzukii populations, and recognized problems of scale for mountainous areas (using spatial resolution of 25 km × 25 km), that were also identified by Zerulla et al. (2015) , as in the present study.
From the analysis of multiple habitats, a statistically significant effect (P < 0.001) of autumn population load of D. suzukii (0 to 3,360 per trap count; x = 104.3 ± 18.8) was related to date of first catch (Tables 5 and 6) ; the latter was earlier as the population increased at sites. Although intuitively sensible, this is the first study to link population parameters of D. suzukii across a prolonged period of very low or zero catch, such as winter, and has implications for management strategies. Three other factors also contributed significantly to the model in multiple habitats, 2011-2014 (Table 5) : decreasing latitude (range 45.49°N-50.30°N) significantly advanced the date, increases in topographic wetness index (range −15.8 to −4.9) and elevation (range 26.8-1921.8 m) significantly retarded the date. Topographic Wetness Index (TWI, Supplementary Table S4 ) is a topographic measure that is related to the movement of moisture or cold air. By contrast, climate measures should incorporate some effects of elevation and latitude, so the meaning of the latter two results is unclear.
Initially, we observed in BC that clusters of early sites occurred near water bodies or streams. However, for the entire study area and landscape elements (land cover types, distance to water bodies, etc.) commonly associated with levels of moisture, only TWI contributed significantly to the model. In our arid environment, a delay in first catch may as likely be due to cold air flow at sites with high TWI values, rather than moist air or water flow. Nonetheless, adult Drosophila are highly dependent on water resources, having a relatively low tolerance to desiccation, and moisture levels are critical for reproduction, survival, and even rate of dispersal (David et al. 1983) . Winter rains and sudden drops in autumn temperatures were critical in seasonal population dynamics of nine species of drosophilids in the mountains of Lebanon (Pipkin 1952) . Avondet et al. (2003) linked five variables including saturation deficit and maximum temperature to abundance and diversity of eight Drosophila spp. in six types of site. Recently, population parameters of D. suzukii were related significantly to moisture levels, and population pressure was greater in fields with high relative humidity, or in close proximity to water bodies, than in others (Tochen et al. 2016 ).
In conclusion, the results show that D. suzukii is well adapted to conditions of cold winters, hot summers, and fluctuating temperatures, within a semi-arid landscape of irrigated crops and feral plant hosts. Its activity as a seasonal migrant across habitats resemble those in warm conditions in Japan (Beppu 2000 (Beppu , 2006 Mitsui et al. 2010) , northern Italy (Tonina et al. 2016) , and extend to remote locations of WA and OR (Murray et al. 2017) . The new understanding of D. suzukii as overwintering within our region and of its presence year-round in a succession of habitats is shaping the development of strategies for pest management and for biological control.
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